The mechanical properties of thin films are frequently evaluated using nanoindentation. The finite element method (FEM) is very effective for investigating the stress and strain fields of the film-substrate system during nanoindentation. However, the role of residual stress and the thin interlayer between the film and substrate is not well known, especially when the hard coating/interlayer/soft substrate are considered together. In this work, the FEM is used to investigate the load-displacement behavior of the hardness of the hard coating/interlayer/soft substrate system. The load-displacement process is simulated, and the effects of different residual stresses and interlayer thicknesses are discussed.
I. INTRODUCTION
Coatings are widely used to improve surface mechanical properties, such as wear resistance, friction coefficients, and hardness, and materials, such as TiN, TiC, Al 2 O 3 ; more recently, diamond and diamondlike carbon have been used commercially. To investigate the reliability and mechanical properties of coatings, nanoindentation is frequently used. By using different indentation loads to access various depths, an indentation curve can be generated to determine the mechanical properties of the coating, such as hardness and elastic moduli. 1 However, if the coating is too thin, the mechanical properties may not be disclosed accurately because the substrate interferes with the measurement. Moreover, it is difficult to obtain an analytical solution because indentation can be highly nonlinear due to large deformation, strain, the nonlinearity of the materials, and contact. To overcome these problems, numerical analysis has been used. For instance, Ma and Xu 2 used the finite element method (FEM) to study the indentation of aluminum films on silicon using a rigid spherical indenter, and the relationship between the mechanical properties of the film and the specified values of the load-displacement curve were obtained. Zheng and Sridhar 3 adopted the FEM to perform an accurate numerical analysis of the normal indentation of an elastic-plastic layer by means of a rigid sphere, and the effects of the yield strain of the substrate on the onset of plasticity were investigated. The effects of the mechanical properties, such as elastic modulus, yield strength, strain hardening of the films, and residual stress on the indentation response, were investigated using the FEM. 4, 5 Furthermore, the stress, fracture, and delamination during indentation of a hard elastic film on an elastic-plastic substrate were also studied by some other researchers using the FEM. [6] [7] [8] Lichinchi et al. 9 verified the feasibility of the FEM by simulating the nanoindentation progress and comparing the experimental load-indentation depth curve to the numerical curve.
The simulation results agree well with their experimental data. However, in that research the nanoindentation test and the numerical simulation were performed without considering the interlayer, although many researchers have shown that the interlayer may play a key role in a film-substrate system. The large discrepancy in the Young's moduli between the film and substrate leads to discontinuity at the coating-substrate interface, 10 where cracks can form easily. In fact, it is well known that an interlayer should be deposited on a steel substrate before TiN film deposition because the TiN film can delaminate easily due to the poor interfacial adhesion strength between the TiN film and the steel substrate. 11 Furthermore, in these FEM simulations, little attention has been paid to the role played by the residual stress in the hard coating/interlayer/soft substrate system. It is usually considered to arise from the difference in the thermal expansion coefficients between titanium nitride and the substrate leading to typical compressive stress in the film ranging from mega-Pascals to giga-Pascals. 12 Of course, attention has indeed been paid to the role of residual stress in the nanoindentation procedure. In fact, there has been research [13] [14] [15] [16] [17] [18] conducted on the possibility of measuring residual stress and on the effects of residual stress on the hardness by the depth-sensing indentation method. In many FEM simulations, the interlayer is frequently neglected because when the interlayer is considered, the computational complexity increases significantly. One of the purposes of our work was to find out whether the interlayer is important in the FEM simulation, especially for a hard coating/interlayer/substrate system by using deeper indentations.
In this work, the FEM is used to simulate the nanoindentation process. The experimental load-depth response determined from a titanium nitride thin film deposited on a stainless-steel substrate with a Ti interlayer is compared to the numerical results. The influence of the residual stress and the interlayer on the simulated results is discussed. To investigate the possible role played by the interlayer on the residual stress as well as the indentation stress, deeper indentations are used.
II. EXPERIMENTAL DETAILS
Round stainless-steel (1Cr18Ni9Ti) specimens with a radius of 25 mm were mechanically polished, dipped in an LN-826 mixture containing HF and an acid for about 20 min to remove or thin the possible CrO 2 films, and then ultrasonically cleaned in isopropyl alcohol for 10 min. Before deposition, the substrate was heated to about 500°C to remove the adsorbed oxygen. To ensure that the simulation results can be compared to those of other hard coating/interlayer/soft substrate systems, three specimens with different film thickness and interlayer thickness (t i ) were used. The Ti interlayer on the stainless-steel substrate was fabricated by ion implantation and deposition prior to TiN film deposition. The thicknesses of the coating and interlayer were controlled by monitoring the interlayer growth time and was determined by cross-sectional scanning electron microscopy and the cross-sectional color metallographic method. The film thickness and t i are listed in Table I . Figure 1 depicts a representative color metallographic picture of the etched cross section of specimen 1, and the film and interlayer can be delineated clearly. Nanoindentation tests were conducted on an XP Nano Indenter (MTS Systems Corp., Eden Prairie, MN) using a frequencyspecific dynamic indentation method. The loaddisplacement experiments were conducted on five independent locations on the film surface, and the data were averaged to obtain good statistics. The loaddisplacement curves, which were close to the average, were compared to the simulated curves. The modulus obtained when the indentation depth was <10% of the film thickness was used as the film modulus.
III. FINITE ELEMENT MODELING
In the finite element analysis, large plastic deformation of the film just beneath the indenter and the contact formed between the indenter and film were studied. Indentation is a complicated problem that is related to the structure, geometry, and nonlinearity of the materials. According to Saint-Venant's principle, the stress and strain are restricted to the region of the indentation, and the stress and strain far from the indent are taken to be nearly zero. Hence, the size of the finite element model is smaller than that of the experimental sample so as to reduce the number of elements and to save computation time. In general, the model size should be 20 times the indentation depth to eliminate the influence of boundaries. In this work, the indentation depth was 1.4 m. The number of elements ranged from 3000 to 4000, and the number of contact elements varied from 10 to 20. To define an axis symmetrical model, an equivalent conical indenter with a semiapical angle of ‫ס‬ 70°30Ј having the same contact area as the Berkovich indenter was used. 9 This system has geometric and loading symmetry about the axis of the indenter. The axis symmetrical model simulated by the FEM can be simplified into a two-dimensional model to simplify the calculation because simulating the nanoindentation process with the axisymmetric model is quite ideal. 19 The finite element mesh used in the present study is schematically shown in Fig. 2 . The four-node quadrilateral isoparametric element is used, and a high mesh refinement is adopted in the vicinity of the indent because of large deformation. The imposed geometric boundary conditions are that the nodes on the revolving y axis can move only along this axis, although all of the nodes on the bottom of the mesh are fixed in the x and y directions. The behavior of the indenter, which is usually made of high-hardness and high-yield stress materials such as diamond, is assumed to be rigid because comparison between the deformable indent and the rigid indent shows no appreciable differences. 9 Both the coating and substrate are assumed to be homogeneous, isotropic, and elastic/plastic. The contact between the coating and substrate is assumed to be perfect during indentation. The coefficient of friction is presumed to be zero because it has little influence on the simulated results. 20, 21 A perfect bonding condition between the film and substrate is also assumed, and the von Mises yield criterion is used to determine the extent of the plastic state in the materials.
IV. RESULTS AND DISCUSSION
The parameters of the materials for the model are listed in Table I , in which E is the Young's modulus, is the yield strength, and is the Poisson's ratio. E t is the strain-hardening exponent, and t is the thickness of the film or interlayer and substrate system. The plasticity of the TiN and 1Cr18Ni9Ti shows the bilinear behavior considering that the elastic properties of hardening and the Ti interlayer are due to its nanoeffects. The reported E values of TiN vary and are usually between 200 and 600 GPa. In this work, the E value is predetermined by the low-load nanoindentation method performed on each specimen, and the other properties were obtained from the Handbook of Metal Materials. 22 In general, the residual stress ranges from millipascals to gigapascals; therefore, the values of the initial residual stress of each specimen used in the simulation were 100 MPa, 500 MPa, and 1 GPa. Figures 3(a), 3(b) , and 3(c) display the experimental data together with the simulated results for different residual stresses for specimens 1, 2, and 3, respectively. The load-displacement curves for residual stress of 100 MPa, 500 MPa, and 1 GPa are almost superimposable on one another, indicating that the influence of the imposed residual stress in the range from millipascals to gigapascals on the nanoindentation test is negligible. This can be explained in the following two ways. The first possible reason is that the film is too thin, and the residual stress is mainly in a plane stress state having little effect on the perpendicular indenter. The second possible reason is that, by comparing the stress induced by the indenter, the residual stress, especially the plane stress-induced perpendicular stress, may be too low. Hence, the residual stress can be considered to be zero in the simulation to simplify the model. However, it does not imply that the residual stress has no effect on the nanoindentation process at any time. In fact, the residual stress has some effect in the beginning of the indentation process. This can be seen in Fig. 3(a) , in which the left side shows the magnified image of the load-displacement part of the process. The figure clearly shows higher residual stress, and for the same displacement a higher load is needed. In fact, it is possible to detect the residual stress by the nanoindentation method. A lower load, spherical indenter, and logarithmic coordinates are usually used to magnify the effects of the residual stress. 13 The same phenomena can be observed in the other two specimens. The results are in good agreement with those reported by Olivas et al. 14 and Carlsson et al. 18 At a large displacement, which often occurs in real practice, the effects of the residual stress are less and can be neglected. It should be pointed out that only low-level residual stresses are considered in this article because in practice a high deposition temperature is usually used when depositing the TiN film, the residual stress is frequently released, and so the resulting residual stress should not be too high. Hence, the situation when the residual stress is equal to or greater than the yield stress was thus not simulated and is not discussed here. Figure 3 indicates that the maximum discrepancy between the curve for 0 Pa initial stress and the experimental curve of specimen 1 is 8%, and those of specimens 2 and 3 are 3.75% and 3.2%, respectively. By simplifying the mechanical properties of the materials and neglecting the indenter tip radius, a small discrepancy with respect to these results was observed. The agreement between the experimental results and the finite element calculation was quite good; our results are in agreement with those of Pelletier et al. 19 Hence, the axis symmetrical model with a conical indenter can effectively simulate the nanoindentation process with a Berkovich indenter if they have the same contact area.
To study the effects of the interlayer on the mechanical properties, Fig. 4 shows the simulated results of the TiN1Cr18Ni9Ti and TiN-Ti-1Cr18Ni9Ti system with different t i values. The curves obtained from the TiN1Cr18Ni9Ti system and TiN-Ti-1Cr18Ni9Ti system with t i ‫ס‬ 200 nm are almost superimposable. In the experiments, the t i was 600 nm, and the discrepancy between the TiN-1Cr18Ni9Ti and TiN-Ti-1Cr18Ni9Ti systems with t i ‫ס‬ 600 nm was 3%. The discrepancy between the TiN-1Cr18Ni9Ti and TiN-Ti-1Cr18Ni9Ti systems is larger with increasing t i and is up to 9.33% when t i ‫ס‬ 1800 nm. Therefore, the numerical simulation performed without a Ti interlayer does not have appreciable influence on the results when the thickness of the interlayer is small, but a thicker interlayer should be considered during numerical simulation. In practice, the interlayer is thin and has typical values between 50 and 300 nm. Therefore, the interlayer cannot be taken into account in the simulation. However, this does not imply that the Ti interlayer has few effects in either real applications or simulations. In fact, an excessive amount of Ti leads to lower adhesion values due to failure in the Ti layer, whereas a shortage of Ti leads to unreacted oxide and minimum adhesion due to brittle fracture in the oxide layer. 23 It is believed that the coincidence between the experimental and simulated results with or without the interlayer may be due to the disposal of the film and substrate boundary. As we know, in the simulation of film-substrate mechanical properties by FEM, no failure or disfigurement between the film and substrate is considered. The boundary is presumed to be perfect, though this assumption is not totally true in practice. When an interlayer is used, the failure of the boundary is largely reduced. As a result, the FEM simulation results without the interlayer are consistent with experimental results. Figure 5 shows the simulation results for the TiN1Cr18Ni9Ti and TiN-Ti-1Cr18Ni9Ti systems, as well as the experimental results for the three specimens. The discrepancy in the curves between the TiN-1Cr18Ni9Ti and TiN-Ti-1Cr18Ni9Ti systems is <1%, thereby supporting our conclusion.
V. CONCLUSION
FEM simulation shows that the initial compressive residual stresses of 100 MPa, 500 MPa, and 1 GPa, which consist mainly of the plane stress and exhibit a narrower range than the film yield stress, has few effects on the perpendicular indenter. The lower residual stress in the nanoindentation test can be neglected especially in the nanoindentation FEM simulation. This means that, in real practice, the smaller residual stress has few effects on the hard coating/interlayer/soft substrate system from the point of view of mechanics. During the numerical simulation, whether taking this into account or not has a negligible influence on the load-displacement curves. It is believed that the coincidence between the experimental and simulation results with or without the interlayer may be due to the disposal of the film and substrate boundary. The boundary is presumed to be perfect, even though this assumption is not true in practice, but when this presumption is used, the failure of the boundary is significantly obscured. As a result, the FEM simulation results obtained without the interlayer are consistent with the experimental ones. Comparing our experimental and FEM simulation results, it is proper to simplify the axis symmetrical model using a conical indenter to simulate the model of a Berkovich indenter with the same contact area.
